Abstract-We demonstrate direct and efficient optical coupling from an optical fiber into plasmonic integrated circuits (PICs) at 1.55-µm wavelength using ultra-compact plasmonic dipole nanoantennas. The PICs consist of slot waveguides with singlechip integrated Yagi-Uda antennas. To improve the optical coupling efficiency from optical fibers, we add 500-nm-thick Su-8 film with a high refractive index as the top cladding. We experimentally achieve 8.6% couple-in efficiency from a high numerical aperture fiber to the plasmonic slot waveguide and 46% total couple-out efficiency from the plasmonic slot waveguide. We also quantitatively characterize the dependence of the couple-in efficiency to the spot size of the incident light.
I. INTRODUCTION

P
HOTONIC integrated circuits (PICs) have become the essential solution for chip-to-chip and even on-chip optical interconnects to overcome the bottleneck of electric interconnects of complementary metal-oxidesemiconductor (CMOS) technology. However, there is a size mismatch between nano-sized electronics and microsized dielectric PIC components, which is limited by optical diffraction as the fundamental limit to the size scaling of PICs. Plasmonics can bridge the feature size gap between electronics and photonics [1] . Basically, using metallic materials with negative permittivity circumvents the diffraction limit and achieves localization of electromagnetic energy into nanoscale regions [2] , [3] . For example, plasmonic slot waveguides based on metal-insulator-metal (MIM) nanostructures are capable of guiding electromagnetic waves with a mode at deep subwavelength scale [4] . Therefore, plasmonic integrated circuits are expected to combine both high operational speeds and ultra-compact footprint rivaling electronics [5] , [6] . However, efficient coupling of light into sub-wavelength plasmonic waveguides requires ultra-strong light focusing and excellent mode matching, usually requiring compact silicon waveguides [7] - [9] . Such hybrid integration between plasmonic and dielectric waveguides comes at the difficulty Manuscript received November 13, 2015 of fabrication, and still requires a large size grating coupler to couple light into the dielectric waveguide first.
In the past years, nanocouplers such as plasmonic grating couplers [10] - [12] , plasmonic waveguide tapers [13] , [14] , Luneburg lens [15] , nanoantennas [16] , [17] , and nanoparticle couplers [18] , [19] have been implemented to focus and convert light into sub-wavelength plasmonic waveguide mode from free space. Of all those aforementioned nanocouplers, nanoantennas are the most attractive solution and can function simultaneously as a light concentrator and a mode converter with high efficiency [20] , [21] . Simulation results show that the coupling efficiency of dipole antennas with side and bottom reflectors can be as high as 26% [22] . Recently, Kriesch et.al reported a total radiation efficiency of 60 ± 3% from the plasmonic slot waveguide into air and into the substrate using Yagi-Uda nanoantenna [23] . Besides that, bowtie antennas were also investigated as nanocouplers with 10% simulated coupling efficiency of two serially connected bowties antennas [24] , [25] . But compared to Yagi-Uda nanoantennas, it has higher absorption loss due to the larger size [26] . However, all these theoretical and experimental results of optical coupling from free space into plasmonic waveguides require high numerical aperture (NA) lenses, which is not convenient for PIC characterization and engineering applications. Direct coupling light from optical fibers into plasmonic integrated circuits using nanoantennas, although extremely pivotal, has not been reported to the best our knowledge. In this letter, we demonstrate plasmonic integrated circuits based on gold (Au) slot waveguides with on-chip integrated Yagi-Uda nanoantennas, and experimentally implement direct and efficient optical coupling from high NA optical fibers as shown in Fig.1 (a) . The plasmonic slot waveguides were fabricated on a 220 nm thick Au film and the whole structure is on top of a 0.5 mm polished quartz substrate with a refractive index of n sub = 1.44. The slot width is 300 nm and filled with Su-8, which has a high refractive index of n clad = 1.565 at 1.55 μm wavelength. To demonstrate efficient optical coupling, Yagi-Uda nanoantennas are utilized at both ends of the plasmonic slot waveguide. The 500 nm thick high refractive index Su-8 as the top cladding can significantly improve the optical power coupled directly from high NA optical fibers that have focal lengths of only a few microns. We experimentally achieve 8.6% couple-in efficiency and 46% total couple-out efficiency (23% into air and 23% into the substrate). We also quantitatively characterize the couple-in efficiency as a function of the spot size of the incident light, and obtain propagation loss of the plasmonic slot waveguide of 0.5 dB/μm.
II. SIMULATION
Over all, the incident radiation cannot be completely converted into the waveguide mode by the nanoantennas due to Ohmic losses, reflection into air, and direct transmission into the substrate. However, those losses can be minimized by nanoantenna design optimization. Our design of Yagi-Uda nanoantenna uses FullWave™ from Synopsis based on three-dimensional finite-difference time-domain (3-D FDTD) method. At radio frequencies, the character length of the antennas is nearly proportional to the wavelength of incident radiation. At optical frequencies, as a comparison, nanoantennas response to a much longer wavelength, which is called effective wavelength (λ eff ). This effective wavelength is determined by the plasmonic wavelength due to the nonnegligible penetration depth of the lightwave into metal [26] . The optimized design parameters of the nanoantennas are shown in Fig. 1 (a) . The length of the nanoantenna is 300 nm to obtain a resonant wavelength at 1.55 μm. Smaller antenna gap will help to capture more radiation power [27] . Considering the feasibility of our fabrication, the gap width is chosen to be 150 nm. A 370 nm long waveguide taper is used to connect the nanoantenna with the slot waveguide to minimize the impedance mismatch. Furthermore, a 150 nm wide and 1 μm long gold rod is placed 600 nm away in parallel to the dipole antennas, which will reflect the electromagnetic wave constructively back into the dipole antenna to further improve the couple-in efficiency by 2× [22] . By reciprocity invariant theory, a good couple-in antenna is also a good couple-out antenna [27] , so the same nanoantenna design is used for both coupling light into the waveguide and coupling out into free space.
In our simulation, a 1.5 μm × 1.5 μm focused Gaussian beam is placed 100 nm above the Yagi-Uda nanoantenna to represent the excitation source from a high NA optical fiber. In our analysis as shown in Fig.1 (b) , we define the total incident optical power to be P in , the coupled optical power at the end of the input waveguide taper to be P 1 . The transmitted power through the nanoantennas into the quartz substrate and the waveguide mode power at the beginning of the output waveguide taper are defined to be T in and P 2 respectively. And the optical power radiated out from the nanoantennas into air and the quartz substrate is expressed to be P out and T out , respectively. The couple-in and couple-out efficiency are defined as: Fig. 2 (a) depicts the numerical results of optical coupling efficiency of the Yagi-Uda nanoantenna, CE in , CE out1 , and CE out2 , as a function of the optical wavelength from 1.2 μm to 2.0 μm. In our design, the couple-in efficiency CE in can achieve 20% and the couple-out efficiency into Su-8/air and the quartz substrate are 26% and 27%. Based on our simulation results, we found that the ratio of the transmitted optical power through the nanoantenna (T in ) and the optical power coupled into the slot waveguide (P 1 ) is 4.4. For the coupleout efficiency, the ratio of T out /P out will remain constant, since this ratio is only determined by the effective refractive indices of the top cladding and the substrate. When the top cladding is 500 nm thick Su-8 in our design, T out /P out = 1.04, which is much more uniform than T out /P out = 2 in Ref [23] . Based on reciprocity invariant theory, CE in should equal to CE out2 at all wavelength. However, due to the mismatch of the radiation profile from the Yagi-Uda antenna and the incident light from the high NA fiber, the actual couple-in efficiency is lower than the couple-out efficiency. We further investigate the dependence of the couple-in efficiency on the spot size of the incident beam as shown in Fig.2 (b) . The optimal incident beam diameter is 1 μm. Increase of the incident beam size will decrease the couple-in efficiency as a smaller fraction of the incident power can be captured by the limited size of the nanoantennas. Interestingly, by further reducing the beam size (<1 μm), the couple-in efficiency decreases rapidly as well. This is because the divergent angle of the incident beam becomes very big due to the diffraction limit, which exceeds the acceptance angle of the Yagi-Uda nanoantenna. Fig.3 (a) depicts the simulated optical power profile at the symmetric plane along the slot waveguide at 1.55 μm incident wavelength. We can clearly see the reflected, scattered, transmitted, and coupled power at the receiving antenna. Along the plasmonic slot waveguide, the optical power is well confined. At the transmitting antenna, the optical power radiates out into Su-8/air and the quartz substrate in surface normal directions with slight scattering. The far field radiation patterns into the quartz substrate and air are also presented in Fig. 3 (b) and (c). The designed Yagi-Uda nanoantenna emits light with strong directionality within a polar cone of 30°, which is sufficiently narrow that can be effectively collected by a high NA optical fiber. Compared with Ref [23] , adding a thin layer high index top cladding significantly improves the symmetry of the far field emission patterns.
III. EXPERIMENT
We started the fabrication processes by cleaning a 1"×1" 500 μm thick polished quartz substrate with acetone, isopropyl alcohol, and de-ionized water. A 220 nm gold thin film was deposited by thermal evaporation with a deposition rate at 5 Å/s. The device was than patterned by a 30 KV focusedion beam (FIB) (Quanta 3D, FEI Company) lithography system with slot width of 300 ± 10 nm. To minimize the background signal, the receiving (couple-in) and transmitting (couple-out) antennas were patterned within a 1.5μm×1.5μm window as shown in Fig.1 (c) . Following the FIB process, Su-8 was spin-coated and then hard baked for 20 min at 200°C to form a 500 nm thick top cladding. Waveguides with different lengths (L = 10 μm, 15 μm, 20 μm and 30 μm) were fabricated using same receiving and transmitting antennas. The scanning electron microscopy (SEM) image in Fig. 1(c) depicts the fabricated 10 μm plasmonic slot waveguide with the zoomed view of the Yagi-Uda nanoantenna.
The optical characterization system is shown in Fig.4 . The sample was mounted on a three-dimensional translation/ rotation stage, allowing highly precise angular adjustment and spatial alignment regarding to the incident light spot. Light from a 1.55 μm laser was coupled into a singlemode polarization-maintaining (PM) fiber with high numerical aperture (NA) of 0.9 (PROFA™ 1-D from Chiral Photonics, Inc.). It utilizes a "vanishing core" concept to achieve such high NA [28] . The high NA fiber is capable of focusing the beam spot to a minimum size of 2 μm × 2 μm and can be precisely aligned to the receiving nanoantenna through monitoring the output power from the transmitting antenna. The incident radiation is polarized along the antenna arms, designated as the transverse electric (TM) to the plasmonic slot waveguide. All the transmitted light (T out + T in ) is collected by an objective lens with NA = 0.65 on the other side of sample, and was then monitored by an optical beam profiler. Fig.5 (a) presents the measured intensity profile along the 10 μm plasmonic slot waveguide. The higher peak represents the direct transmitted incident light (T in ) and the lower one denotes the light radiated into the substrate (T out ), and the light between these two peaks come from the optical scattering of the slot waveguide. The optical power of T in and T out can be obtained by integration of the intensity data from the beam profiler along the waveguide. The total incident power P in from the high NA fiber can be measured by the transmitted light through the open window without an antenna (1.5 μm × 1.5 μm), which is −7.7 dBm. For the 10 μm waveguide, the measured T in is −11.96 dBm and T out is −21.19 dBm. After measuring the T out from all of these waveguides with different lengths, we plotted the data in Fig. 5 (b) with a linear fitting curve. The propagation loss, which is the slope of the linear fitting curve, is determined to be 0.5 dB/μm, which is higher than the simulation result of 0.3 dB/μm. This is possibly due to FIB lithography induced roughness on sidewalls of the slot and higher Ohm losses of thin gold film than the ideal permittivity. The couple-in and couple-out efficiencies can be calculated by utilizing the ratio of T in /P 1 = 4.4 and T out /P out = 1 from simulation, which are 8.6% and 46% total couple-out efficiency (23% to air and 23% to the substrate) in average. In order to further increase the optical coupling efficiency, we may follow the approach as pointed out in Ref [23] to reduce the gap width of the plasmonic nanoantennas in our future work.
To characterize the dependence of the couple-in efficiency with the incident beam spot, we vary the size of the incident beam spot. Since the light from the high NA fiber is highly divergent, the incident beam spot size can be enlarged by moving the fiber away and then measured by the optical beam profiler. The minimum beam spot size from the high NA fiber is 2 μm. However, with the confinement of the optical window, we can normalize the incident beam spot to 1.5 μm. We measured T out with different incident spot diameters of 1.5 μm, 2 μm, 3 μm and 4 μm, and the experimentally measured data of the couple-in efficiency is plotted in Fig. 2 (b) . The overall trend matches the simulation results very well. However, the lower experimental couplein efficiencies compared to the simulation results possibly comes from 1) the optical loss of the thermally evaporated gold film is much larger than the perfect gold film used in the simulation [29] ; 2) the surface-roughness and other fabrication imperfection of the plasmonic nanoantennas; 3) the slight misalignment in the optical characterization.
IV. CONCLUSION
In conclusion, we have demonstrated direct and efficient optical coupling into plasmonic integrated circuit from high NA optical fibers using ultra-compact and low loss dipole nanoantennas. To achieve high optical coupling efficiency, we add a 500 nm thick Su-8 film with a high refractive index as the top cladding, which can significantly improve the optical coupling efficiency from optical fibers. We experimentally achieve 8.6% couple-in efficiency from the high NA fiber to the plasmonic slot waveguide, 46% total couple-out efficiency from the plasmonic slot waveguide to air and the substrate, and quantitatively characterize the dependence of the couplein efficiency to the spot size of the incident light. Such ultracompact plasmonic slot waveguides with single-chip integrated dipole nanoantennas can play crucial roles for future PICs.
